Abstract. Dredged marine soils (DMS) are considered as wastes and are currently not being recycled. Solidification of DMS needs to be undertaken before the materials can be reused.This study focused on the development of strength of three solidified fine-grained DMS which are high plasticity clay (CH), high plasticity silt (MH) and low plasticity silt (ML) admixed with cement and bottom ash. This paper discussed the effect of water-binder ratio and curing period on the strength development of the solidified DMS. The results show that the strength increased with prolonged curing. The strength increased when the water-binder ratio was decreased. CH samples with waterbinder (w/b) ratio =1 has the highest strength that are up to 4.7 MPa. Optimal w/b ratio for solidified DMS is w/b=3.
Introduction
Dredged marine soils (DMS) are the sediments and debris that removed during the dredging process [1] . In Malaysia, DMS are considered as waste and currently not being recycled. Normally, DMS are dumped back into the ocean with at least 50 m depth from mean sea level due to their bad odour and risks to human health [2] . Besides that, DMS also have poor engineering properties.
DMS can be a valuable resource even though most of it is currently disposed because of economic, logistical, legislative or environmental constraints. The use of DMS has a major contribution towards sustainable development and it can reduce the quantities of primary resource needed for activities such as construction and habitat creation [3] .
Solidification of DMS needs to be done before DMS can be reused. Solidification is a method that aims at improving the engineering properties of soil such as soil strength [4] . Soil solidification involves the use of solidification agents or binder materials in soft soils to improve its geotechnical properties such as compressibility, strength, permeability and durability. The components of solidification technology include soils and binders. The binders used normally are cementitious materials [5] . The soils used in this study are dredged marine soils (DMS), the binder is cement and the filler is bottom ash. The bottom ash used in this study was collected from Tanjung Bin power plant.
Materials and Method

Materials
Three types of fine-grained dredged marine soils (DMS) were used in this study. The first DMS sample used in this study was derived from Marina, Melaka. According to Unified Soil Classification System (USCS), the DMS was classified as high plasticity clay (CH). The second and third DMS samples were derived from Tok Bali, Kelantan. These soils were classified as high plasticity silt (MH) and low plasticity silt (ML), respectively. The binder used in this study was ordinary Portland cement (OPC) while the filler was bottom ash (BA). The properties of the DMS, OPC and BA are shown in Table 1, while Table 2 provides the chemical compositions of the DMS, OPC and BA. 
Methods
The DMS were mixed with the binders based on water-binders (water-cement) ratio. Calculation for the amount of binders (OPC and BA) for each mixture was done based on mass of dry sample and moisture content of the sample. The water binder ratios of the samples are 1, 3 and 5. Amount of OPC and BA are different based on the ratio calculation elaborated in Azhar et al., [6] . The mixing percentage of the binders was shown in Table 3 . All of DMS samples were then mixed together with the binders at a time. The mixture was first mixed using hand then proceeds with food mixer for 5 minutes. The steps were repeated until all cement and bottom ashes were fully mixed with DMS. The test used in this study is unconfined compression tests (UCS). Unconfined compression test was conducted according to BS 1377-7:1990, Clause 7 [7] . Results and discussions Without any solidification process or treatment, the natural dredged marine soil (DMS) has low undrained shear strength. The shear strength of natural DMS is less than 50 kPa [8] . Thus, the solidification process is needed to improve the properties of DMS. Unconfined compressive Figure 1 shows the effect of curing times on solidified CH, MH and ML samples based on water-binder ratio (w/b). The strength development for w/b=1 is higher compared to w/b=3 and w/b=5. The different between this w/b reflects the amount of cement and binder used in the admixture. As the w/b ratio decreased, the amount of cement needed will oppositely be increased [6] . As can be seen in Figure 1 , w/b affects the increment of the solidified DMS strength.
For samples with w/b=1, the plots can be seen to increase rapidly starting from day 3 till day 14. For example the rate of increment from day 3 to day 14 for samples CH1_100OPC was 82.54 %. It could be said that the rate of increment increased significantly for this sample. The samples strength was found to have small increment from day 14 to day 28 and almost have no increment in strength after day 28. The rate of increment for CH samples for w/b=1 was higher compared to MH and ML samples (CH>MH>ML). This increment might be due to the hydration and pozzolanic reaction. When DMS was admixed with OPC, hydration of the OPC will occurs rapidly due to the present of calcium oxide (CaO). Table 2 shows that OPC has higher calcium oxide (CaO) content compared to DMS and BA. The cement particles will bind together during hydration process and improved the soil properties.
For w/b=3, the CH, MH and ML admixed samples had slightly and continuously increased in strength from day 3 to day 56. From the pattern of these plots it can be estimated that the strength will be increased even after day 56 for samples with w/b=3. For example, the rate of increment for sample CH3_100OPC from day 3 to day 7 was 115.05 %; from day 3 to day 14 was 211.22 %; from day 3 to day 28 was 315.82 %; and 416.07 % from day 3 to day 56. This shows that the strength keep on increasing for samples with w/b=3. As for w/b=5, the graph shows that the strength increased steadily from day 3 till day 56.
For the samples that were admixed with cement, two types of chemical reaction will occur. The first reaction is hydration of the cement and natural water content inside the samples. The second reaction is pozzolanic reaction that occurs between the lime released by the cement and the pozzolanic materials in the samples [9] . Hydration will lead to initial strength gain due to the cementitious products. Besides that, the drying process of admixed samples also helps to increase the strength. The hydration effects can be seen clearly for solidified DMS samples with w/b=1 starting from day 3 till day 14. The pozzolanic reaction, occurs when the solidified samples achieves a sufficient amount of alkaline condition. 
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From the results obtained, it can be seen that as w/b ratio decreased, the strength of the solidified DMS will be increased. This was proven in Figure 2 . Figure 2 compiles the unconfined compressive strength data based on water-binder ratio obtained from this study and from previous researcher. The other three types of clay samples with different water-binder ratio were compiled together in Figure 2 . Based on the plots in Figure 2 , it was clearly shown that, as the water-binder ratio decreases, the strength of solidified samples will increase regardless of type of samples. This is similar to the findings obtained by Horpibulsuk et al., [10] . In their study, Horpibulsuk et al., [10] used clay that was obtained from Phimai disctrict, Nachon Ratchasima, Thailand. Since DMS has similar properties as clay, it can be compared to this finding.
It was shown that the hypothesis made by Horpibulsuk et al., [11] can be applied for DMS samples in the present study. The hypothesis stated that "for blended cement admixed clay samples, the strength development depends on the water/cement ratio" [11] . The improvement of the strength of solidified DMS is due to the hardening of the cement. When cement and clay interact with water, it will group the clay and cement particles together. Besides that, curing period also affected in strength increment of solidified DMS. Based on trends in Figure 1 , it can be concluded that the longer the curing periods, the greater the strength improvements. Xiao and Lee [12] reported that the strength of soft clayey soils increased significantly with curing period. As can be seen in Table  4 .8, the rate of increment for each samples increased with curing periods.
Based on the results obtained from Figure 1 , it can be said that the optimum w/b for solidified DMS is w/b=3. Even with the lowest percentage of cement used, the strength of the samples reached more than 1 MPa after 56 days as indicated by ML5_25OPC+75BA. Even though the strength of samples with w/b=1 is higher, such higher strength is not required in actual construction practice. For example, the strength required for road base is only 1.38 MPa (200 Psi) [13] . In case of w/b=1, large amount of cement and bottom ash will be required and this is not economical. The ratio of w/b to DMS is 1:1. 
Conclusion
The strength development of solidified DMS depends on water-binder ratio and curing periods. The water-binder ratio gives high impact on the increment of strength of dredged marine soils (DMS). It was observed that, as the water-binder ratio decreases, the strength will increase regardless of type of samples. Based on the results, the optimum w/b for solidified DMS is w/b=3. This is because, even for the lowest percentage of cement used, the strength of samples reached more than 1 MPa after 56 days. Even though the strength of samples with w/b=1 is higher, such high strength is not required in actual construction practice. Curing days also give effects to strength of the samples. However, the strength gain rate within the first week (day 7) is more significant than subsequent days, irrespective of w/b ratio. The result shows that strength increase with respect to time. As the age of the sample increases, the different in strength of each sample tends to gets smaller. Generally, it can be observed that, longer period of curing time results in greater strength gain.
